Staphylococcus aureus, a metabolically flexible gram-positive pathogen, causes infections in a variety of tissues. Recent evidence implicates S. aureus as an emerging cause of chorioamnionitis and premature rupture of membranes, which are associated with preterm birth and neonatal disease. We demonstrate here that S. aureus infects and forms biofilms on the choriodecidual surface of explanted human gestational membranes. Concomitantly, S. aureus elicits the production of proinflammatory cytokines, which could ultimately perturb maternalfetal tolerance during pregnancy. Therefore, targeting the immunological response to S. aureus infection during pregnancy could attenuate disease among infected individuals, especially in the context of antibiotic resistance.
Bacterial infection-related preterm birth is a leading cause of infant morbidity and mortality [1] . Despite medical advancements and targeted interventions, approximately 15 million cases of preterm birth occur annually, complicating 1 in 10 births and highlighting a need for prophylactic measures to prevent disease [2] . Infections during pregnancy commonly occur as pathogens ascend from the vagina through the cervix to the gestational membranes, but hematogenous spread to the placenta also occurs [3] . Infection of fetal membranes results in a profound innate immune cell infiltrate, a process referred to as chorioamnionitis [1] . Infection and the subsequent inflammatory response result in release of cytokines, prostaglandins, and matrix metalloproteases (MMPs). These mediators promote uterine contraction and metalloprotease-induced membrane damage, ultimately resulting in premature rupture of membranes and preterm birth [3] . However, immunologic responses to specific pathogens during chorioamnionitis remain largely uncharacterized.
Numerous bacterial pathogens, including Escherichia coli, Ureaplasma urealyticum, Mycoplasma hominis, Gardnerella vaginalis, and Streptococcus agalactiae, have been associated with preterm birth, chorioamnionitis, and early onset neonatal sepsis [1] . Staphylococcus aureus, a common component of the human skin microbiota and a major nosocomial and community-acquired pathogen, is gaining attention as an emerging cause of chorioamnionitis and preterm birth, particularly in individuals with extensive healthcare exposure [4, 5] . Understanding how S. aureus adheres to, persists on, and breaches gestational membranes to alter host pregnancy biology will aid in the understanding of pathogenesis. Furthermore, elucidating the host immunological changes that result from S. aureus infection of gestational membranes could provide novel chemotherapeutic targets and inform global cytokine responses that perturb fetalmaternal tolerance. We present a model of S. aureus coculture with explanted human gestational membrane tissue as an important tool that revealed increased secretion of interleukin 1β (IL-1β), interleukin 2 (IL-2), interleukin 6 (IL-6), granulocytemacrophage colony-stimulating factor (GM-CSF), interferon γ (IFN-γ), and tumor necrosis factor α (TNF-α) in response to S. aureus infection.
MATERIALS AND METHODS

Bacterial Strains
S. aureus strain USA300 (American Type Culture Collection, Manassas, Virginia) was cultured on tryptic soy agar plates supplemented with 5% sheep blood (blood agar plates) at 37°C in ambient air overnight. Bacteria were subcultured from blood agar plates into Todd-Hewitt broth and incubated under aerobic shaking conditions at 37°C in ambient air overnight. The following day, bacterial density was measured spectrophotometrically at OD 600 .
Gestational Membrane Coculture
Gestational membranes were excised from placental tissues from females who delivered healthy infants at full term by cesarean section without labor. Deidentified tissue samples were provided by the Cooperative Human Tissue Network, which is funded by the National Cancer Institute. All tissues were collected in accordance with Vanderbilt University Institutional Review Board (approval 131 607). Gestational membranes were processed into 12-mm punch biopsy sections, and sections were placed, with the amnion side down, in a 12-well dish containing Dulbecco's modified Eagle's medium (DMEM), highglucose, HEPES, no-phenol-red cell culture medium (Gibco, Carlsbad, California) supplemented with 1% fetal bovine serum and PEN-STREP antibiotic/antimycotic mixture (Gibco). Sections were incubated overnight at 37°C in ambient air containing 5% CO 2 ; washed 3 times with prewarmed, sterile phosphate buffered saline ( pH 7.4); and placed again in DMEM, high-glucose, HEPES, no-phenol-red cell culture medium (lacking the PEN-STREP antibiotic/antimycotic mixture). Bacterial cells were added to the choriodecidual surface of the gestational membranes at a multiplicity of infection of 1 × 10 7 cells per 12-mm diameter membrane, using a predetermined coefficient of bacterial density of 1 OD 600 = 1 × 10 10 cells. Concomitantly, uninfected gestational membrane samples were also maintained. Cocultures were incubated at 37°C in ambient air containing 5% CO 2 for 24 hours.
Histological Examination
Human gestational membrane samples derived from at least 3 distinct subjects were used for cocultures described above. After 24 hours of coculture, samples were washed 3 times with phosphate-buffered saline and fixed in 10% neutral buffered formalin prior to embedment in paraffin. Samples were sectioned into 5-µm-thick sections and stained with hematoxylin and eosin. Two sections were taken from each tissue block, giving multiple fields for histological examination per sample.
Micrographs were taken at magnifications of 100×, 200×, and 400×, and representative micrographs from 3 separate replicates are shown.
Scanning Electron Microscopy
We prepared human gestational membrane samples from the coculture studies described above for scanning electron microscopy analyses by washing them 3 times with 0.05 M sodium cacodylate buffer and fixing them in 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer for 4 hours prior to sequential dehydration with increasing concentrations of ethanol. Samples were dried at the critical point, using a CO 2 drier (Tousimis); mounted onto an aluminum stub; and sputter coated with 80/20 gold-palladium. A thin strip of colloidal silver was painted at the sample edge to dissipate sample charging. Samples were imaged with an FEI Quanta 250 field-emission gun scanning electron microscope. Images are representative of 3 replicates from 3 different subjects.
Analyses of Secreted Cytokines
After 24 hours of coculture, supernatant fractions were collected and centrifuged at 8000 × g to remove any cellular debris. Secreted cytokines (IL-1β, IL-2, IL-6, GM-CSF, IFN-γ, and TNF-α) were evaluated using the Quantikine enzyme-linked immunosorbent assay kit (R + D Systems, Minneapolis, Minnesota) per the manufacturer's instructions. S. aureus-infected samples were compared to uninfected samples for analysis. The assay was repeated with 3 replicates from 3 separate subjects.
Statistical Analyses
Statistical analysis of cytokine secretion analyses was performed using the Student t test (without multiple variable correction). All data analyzed in this work were derived from at least 3 separate biological replicates from separate subjects. Statistical analyses were performed using Prism (version 6.0 g; GraphPad Software, La Jolla, California) and Excel (version 14.6.3; Microsoft, Redmond, Washington). 
RESULTS
S. aureus Infects the Choriodecidual Face of Gestational Membranes
Histopathological examination of gestational membranes alone or cocultured with S. aureus revealed canonical tissue architecture, including well-defined decidua parietalis, chorion, and amnion (Figure 1A and 1E ). Bacteria seeded onto the choriodecidual face of the membranes could clearly be visualized within the choriodecidua in large staphylococcal microcolonies ( Figure 1E and 1F) . Within 24 hours of infection, these bacteria penetrated the chorion but did not appear to have traversed to the amnion.
S. aureus Forms Biofilms on Gestational Membranes
To better characterize the structure of S. aureus microcolonies within the tissue coculture system, we used high-resolution field-emission gun scanning electron microscopy ( Figure 1C , 1D, 1G, and 1H). Field-emission gun scanning electron microscopy revealed that S. aureus grows and forms biofilms on the choriodecidual surface of gestational membranes ( Figure 1G and 1H), structures that were absent from control uninfected membranes ( Figure 1C and 1D) . These microcolony biofilms measured approximately 150 µm × 125 µm, and within these Figure 2 . Analysis of cytokine secretion in response to Staphylococcus aureus infection. Interleukin 1β (IL-1β), interleukin 2 (IL-2), interleukin 6 (IL-6), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon γ (IFN-γ), and tumor necrosis factor α (TNF-α) production was assessed in secreted fractions derived from gestational membranes alone or infected with S. aureus. Significant increases in IL-1β, IL-2, IL-6, GM-CSF, IFN-γ, and TNF-α levels were detected in S. aureus-infected gestational membranes as compared to uninfected tissues. Bars indicate means ± standard errors of the mean levels of cytokines secreted from samples derived from 4-7 individuals. *P < .05, **P < .01, and ****P < .0001, by the Student t test with the Welch correction.
structures typical nutrient channel architecture was seen ( Figure 1H ).
S. aureus Induces Cytokine Production in Gestational Membranes
Gestational membranes are thought to participate in immune surveillance via expression of pathogen-recognition receptors such as Toll-like receptors [6] . The interaction of S. aureus with gestational membranes led us to hypothesize that alterations in host cytokine responses could be a consequence. Cytokine secretion in supernatant fractions isolated from gestational membranes cultured in medium alone (uninfected) or cocultured with S. aureus were evaluated by sandwich ELISA. Our results (Figure 2 ) indicated that S. aureus infection induces significant increases in secretion of IL-1β (P = .0202), IL-2 (P = .0200), IL-6 (P = .0216), GM-CSF (P < .001), IFN-γ (P = .00629), and TNF-α (P = .00579). These results suggest this explanted tissue model is capable of responding to bacterial infection.
DISCUSSION
Intrauterine inflammation is a key factor that contributes to preterm parturition. Often this inflammation is a response to bacterial infection. Intrauterine infections typically occur as pathogens that colonize cervical or vaginal epithelium ascend to infect the choriodecidua, penetrate to the amnion, and translocate into the amniotic cavity, resulting in neonatal sepsis [1, 3, 6] . Thus, ascending infection during pregnancy can ultimately result in disease outcomes for both mother and child. In addition to its increasing prevalence as a cause of soft-tissue infections, recent evidence suggests that S. aureus is emerging as a causative agent of chorioamnionitis and preterm birth [4, 5] . S. aureus vaginal colonization rates are estimated to be around 15% and are associated with group B Streptococcus colonization [7] . A prospective cross-sectional study of 105 women without preterm premature rupture of membranes (PPROM) and 105 with PPROM indicated that Streptococcus species, S. aureus, and E. coli were significantly more prevalent in women with PPROM, compared with women without PPROM [8] . Additionally, methicillin-resistant S. aureus-associated chorioamnionitis has also been documented [5] . Thus, emerging antibioticresistant S. aureus is a growing concern for maternal-fetal health, and a better understanding of the pathogenesis may reveal novel biomarkers for maternal-fetal inflammatory diseases and potential targets that could be exploited to perturb the interaction between S. aureus and gestational tissue.
S. aureus infects soft tissues and forms tenacious biofilms on these surfaces [9] . The biofilm community provides a selective advantage for bacteria, aiding in the resistance to antimicrobials and host immunity [10, 11] . S. aureus exploits the proinflammatory activity of α-hemolysin to promote disruption of vaginal tissue and enhance biofilm formation [12] .
Gestational membranes represent the final barrier between ascending pathogens and the amniotic cavity. These tissues provide dynamic immune surveillance through the expression of pathogen-recognition receptors [6] . Our findings establish that S. aureus infection of gestational membranes induces release of proinflammatory cytokines, including IL-1β, IL-2, IL-6, GM-CSF, TNF-α, and IFN-γ, results that were congruent with previous models of S. aureus soft-tissue infection [13] . In synovial tissues, S. aureus infection resulting in proinflammatory cytokine release induces activation in MMPs and subsequent tissue damage [14] . Previous studies of gestational tissues have shown that interactions between GM-CSF and TNF-α result in membrane weakening [15] . Furthermore, during pregnancy, increases in IL-1β, TNF-α, IL-6, and IFN-γ levels promote neutrophil release of MMPs that directly degrade membrane components, contributing to preterm premature ruptures of membranes and preterm birth [3] . Taken together, these results reveal that S. aureus infection results in biofilm formation on the choriodecidual surface of gestational membranes and potentiates a cytokine storm within these tissues that is similar to that seen in patients with chorioamnionitis [3] . Furthermore, the gestational coculture tissue model provides an excellent tool to study host-pathogen interactions at the final barrier of maternal-fetal host defenses. This model could be used to identify novel virulence factors that could be exploited as potential vaccine or drug targets. 
